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The ﬂexibility of biomembranes is based on the physical-chemical properties of their main components -
glycerophospholipids. The structure of these modular amphiphilic molecules can be modiﬁed through or-
ganic synthesis making it possible to study speciﬁc physical-chemical effects in detail. In particular, the 
roles of the hydrophobic tails of the phospholipids and their hydrophobic/hydrophilic interfacial back-
bone on the phase behaviour are highlighted. The spatial orientation of the glycerol backbone changes 
from sn-1,2 to sn-1,3 phospholipids leading to an increase of the in-p lane  area  of  the molecu le.  The larger
distance between the hydrophobic tails can lead to membrane leaﬂet interdigitation. The introduction of 
methyl side groups in the hydrophobic tails increases the ﬂuidity of the bilayer. Depending on the posi-
tion of the methyl branches partial interdigitation is observed. In  the case of bolaamphiphiles, methyl  
side groups have a similar effect on the ﬂuidity, but interdigitation cannot occur.
1. Introduction
The function of a biological membrane is to act as an enclosing and
separating unit for the various ingredients and organelles of a cell [1].
However, besides this compartment formation the biological mem-
brane is responsible for cell–cell-interactions and signal transduction
[2]. Themembrane has to ensure the lateral diffusion and lateral organi-
zation of non-lipid components like proteins [3] and to enable them to
reach their active conformation [4]. This requires a biologicalmembrane
to maintain a ﬂuid-like character and at the same time to organize in a
more ordered environment around proteins (lipid rafts) [5]. This ﬂexi-
bility of the membrane is based on physical–chemical properties
resulting from the amphiphilic character of its main components:
glycerophospholipids.
Glycerophospholipids exist in a large variety of organized structures
especially when hydrated. At a certain temperature, the structure of a
polymorphic form depends not only on the chemical structure of the
lipid molecule but also on variables such as hydration degree, ionic
strength and pH. X-ray diffraction techniques (Small- and Wide-angle
X-ray scattering (SAXS/WAXS)) are mainly used to determine the phase
structure. DSC (differential scanning calorimetry) is used to determine
the temperature and thermodynamical parameters of phase transitions
occurring during heating or cooling the sample. Under physiological con-
ditions (37 °C and pH 7.4) most of themembrane lipids form lamellar gel
or liquid–crystalline phases, but non-lamellar liquid–crystalline phases
such as hexagonal or cubic ones have also been observed. Most studies
focus on the transition from a gel phase with highly ordered all-
trans-fatty acid chains (or even a subgel phase with ordering of entire
molecules) into a liquid–crystalline phase with molten chains (gauche
conformers) characterized by a diffuse halo in the WAXS pattern. Gel to
liquid–crystalline phase transitions can be induced by changes in temper-
ature (thermotropic behavior), hydration (lyotropic behavior), pressure,
as well as by changing the ionic strength or pH of the aqueous phase.
In general, the rich polymorphism of glycerophospholipids is an
intriguing property, not observed to the same extent in other classes
of chemical compounds. The functional role of different structures
remains far from being completely understood, especially in such a
complex out-of-equilibrium system like the biological membrane.
Chemical modiﬁcations of phospholipids therefore allow the study of
speciﬁc structure/property relationships and to substantially better
understand lipid polymorphism and its biological signiﬁcance. In this
review, we therefore concentrate on the thermotropic phase behavior
of selected chemically modiﬁed lipids with modiﬁcations in the
hydrophobic and hydrophilic parts as well as in the region connecting
these parts of an amphiphilic molecule.
2. Glycerophospholipids —modular molecules
Glycerophospholipids can be subdivided into 7 modular units
(see Fig. 1). Central to the molecule is its C3-glycerol backbone.
From here, typically, two hydrophobic tails and a hydrophilic head
group are branched off, each connected via a chemical linker. The
standard linker for the fatty chains is an ester function, for the head
group, a phosphate diester is common. The chains are categorized
according to their length and saturation. A hexadecyl chain as depicted
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Fig. 1. Analysis of themodular structure of a glycerophospholipid. The molecule consists of 7 interchangeable units arranged around a central glycerol backbone. The two chains form the
hydrophobic part of the molecule. The 5 other units build the hydrophilic part.
Fig. 2. Structure of a natural 1,2-diester phospholipids (1) compared to its 1,3-analog (2), a methyl-branched phosphocholine (3). Ceramid EOS (4) and its methyl-substituted
ceramid 1 analog (5). Caldarchaeol (6), nonitolcaldarchaeol (7) and caldarcheolphosphate (8) as well as synthetic bolaphospholipids (9–11).
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in Fig. 1 is fully saturated and therefore contains no double bonds.
Such a chain is abbreviated as C16:0 [6]. The head group of a natural
phospholipid is typically a primary alcohol such as choline, ethanolamine,
or even glycerol, or serine.
Each of these modules is exchangeable. And this leads to a large
variety of molecules that is accessible to nature or chemists. E.g., the ex-
change of the ester group linking the hydrophobic tails with the
glycerol backbone by an ether group leads to chemically more stable
molecules and to changes in polymorphism. The hydrolysis reaction cat-
alyzed by phospholipases A1 and A2 leading to a free fatty acid and a
lysophospholipid can be prevented; a fact that might be important for
using phospholipid vesicles as drug carriers in biological experiments.
Through other synthetic modiﬁcations, small but signiﬁcant changes can
be introduced into the chemical structures leading to important changes
of the phase behavior of phospholipids. This will lead to molecules that
allow new insights into basic membrane biophysics properties.
2.1. 1,2-Phospholipids
Four different phases have been found in fully hydrated 1,2-DPPC
(see 1 in Fig. 2) being annealed for several days at 4 °C [7,8]. A subgel
phase Lc characterized by the packing of entire molecules forms only
after several days at low temperature and transforms at 18.4 °C into
an usual gel phase Lβ′. The head group is only weakly hydrated in the
subgel phase and occupies therefore less space leading to only a slight
tilting of the chains. The gel phase of glycerophospholipids shows the
typical orthorhombic packing of the acyl chainswhich are now strongly
tilted to the bilayer normal. The head group contains around 15 water
molecules in the hydration shell. The gel phase transforms into a so-
called ripple phase Pβ′ at Tp = 35.1 °C which melts at Tm = 41.1 °C
into a lamellar Lα phase with molten acyl chains (trans-gauche confor-
mational change) exhibiting only a broad halo in the WAXS pattern.
The chain length has a strong inﬂuence on the phase behavior. The PCs
with shorter chains (C10–C13) formvery stable subgel phaseswhichmelt
directly into the Lα phase. The PCs with longer chains form the subgel
phase only after long annealing times. The main phase transition from
the liquid-crystalline Lα phase into a gel phase does not show a pro-
nounced hysteresis whereas the transition from the ripple into the nor-
mal gel phase can be markedly super-cooled. Increasing chain length
leads to a monotonous but non-linear increase of the main phase tran-
sition temperature. The existence region ΔT (ΔT = Tm − Tp) of the
ripple phase decreases with an increase in chain length.
2.2. 1,3 Phospholipids
A ﬁrst artiﬁcial lipid system is accessible if the 1,2-linked chains are
moved further apart to give a 1,3-constitutional isomer (see 2, Fig. 2).
The 1,3-diester lipids with identical chains are symmetrical and achiral,
unlike the natural 1,2-diester lipids. This lack of the stereo-center at the
sn-2 carbon is the key for the synthesis of 1,3-diester lipids and these
lipids can be synthesized from simple glycerol [9]. A substitution with
2 equivalents of an activated fatty acid ester leads to a 1,3-diester that
can be readily transformed into a phospholipid.
Primary alcohols are more nucleophilic than secondary alcohols.
A 1,3-diacyl substituted glycerol thereforewould represent a thermody-
namically more stable form than a 1,2-diacyl substituted glycerol. If the
sn-3 alcohol is not protected by a phosphate diester, an acyl shift of the
sn-2 fatty acid is found under acidic conditions [10]. This rare case is
found in natural membranes: lysobisphosphatidic acid is accumulating
in late endosomes at very high concentrations. The molecule with its
unusual constitution can switch between a 2,2′ and 3,3′ acyl position
geometry and therefore changes its overall structure. The shift occurs
under acidic conditions found in the late endosomal pathway and
might explain the fusogenicity of lysobisphosphatidic acid [11].
The Seeligs have found that for PC, PE, and PG lipids the correspond-
ing head groups are aligned almost parallel to the bilayer horizon [12].
The glycerol backbone itself is however aligned perpendicular to it, in
liquid–crystalline and gel state membranes as well as single crystals.
11–16 water molecules in the primary hydration shell, push the head
group of PC 30° away from the membrane surface. This tilt can be com-
pensated by a negatively charged ion in the lipid surrounding solution.
Unlike 1,2-DPPC, the 1,3-DPPC shows a backbone orientation that
runs parallel to the membrane horizon. However, the two carbonyl
functions in 1,3-DPPC (2) do not have the same environment as
shown by infrared spectroscopy [13]. The phosphate group shows
a preferential tilting towards the sn-1 carbonyl. 1,3-DPPC (2) also
shows a Tm of 37 °C, which is 4 °C lower than that of 1,2-DPPC (1).
The 1,3-isomer probably shows less perfect packing, which is
compensated by a tilt in the Lc phase.
Three different lamellar phases have been found in aqueous
dispersions of 1,3-DPPC (2) by X-ray diffraction studies: (i) below
18 °C, a hydrated “crystalline” bilayer phase, Lc, with a bilayer
periodicity d = 58 Å; (ii) between 30 °C and 35 °C, a more hydrated
but interdigitated gel phase, with hexagonal chain-packing and d= 47
Å and (iii) above 37 °C, a highly hydrated liquid–crystalline Lα phase
with d = 65 Å. The hydrocarbon chain interdigitation is deduced from
the small bilayer periodicity, a sharp, symmetric wide-angle reﬂection
at s = 0.238 Å−1, and an in-plane area per 1,3-DPPC at the interface
of ~80 Å2. Nuclear magnetic resonance and neutron diffraction studies
have suggested that the glycerol backbone of 1,3-DPPC 2 orients parallel
to the bilayer surface, in contrast to its orientation in 1,2-DPPC 1. The 1,3
conformation therefore leads to an increased intramolecular chain
separation. The area requirement mismatch between the hydrophobic
and hydrophilic parts of the molecule is now dominated by the interfa-
cial region (the glycerol backbone).
We have recently reported 1,3-phospholipids containing amides
replacing the common ester linkers [14]. Large extruded unilamellar
vesicles assembled from thesemolecules turned out to be of a lenticular
shape [15]. Moreover, the vesiclesweremechanosensitive: a dye loaded
into the aqueous lumen of the vesicles would not be released if the
liposomes were left standing untouched. As soon as the vesicles
were shaken, and therefore mechanically stimulated, the vesicle cargo
was released. On the other hand, giant unilamellar vesicles made from
1,3-diamidophospholipids showed various geometries, faceted vesicles
Fig. 3. Cryo-transition micrograph of faceted 1,3-diamido phospholipid vesicles after
extrusion through a 100 nm membrane. The bilayer is not continuous but shows
facets and edges, calling for defects in the membrane structure. The picture was
taken by Dr. T. Ishikawa.
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in particular. And we were tempted to call the vesicle self-assembly
process “vesicle origami” (see Fig. 3).
Intrigued by these effects we have started to analyze the
mechanosensitivity effect in more detail. Additionally, the new com-
pounds have been investigated in thin layers conﬁned to the surface of
water by highly surface sensitive techniques such as infrared reﬂexion–
absorption spectroscopy (IRRAS) and grazing incidence X-ray diffraction
(GIXD) [16]. GIXD revealed a unique, homogeneous structure for the
longer-chain compounds at different lateral pressures. The existence of
strong head group interactions due to the formation of a hydrogen bond
network was clearly revealed by IRRAS and by the high rigidity of the
layers. This rigidity is correlated to the marginal change of the chain tilt
upon compression of the monolayer (see Fig. 4). Surprisingly, the tilt
angle variation is similar to that of a standard glycero-phospholipid as
DSPC [17] showing the strong inﬂuence of the van derWaals interactions
between the hydrophobic chains on the packing properties in thin layers
conﬁned at the air/water interface. The strong hydrogen-bonding interac-
tions between the head groups of 1,3-diamidophospholipids could be
also responsible for the observed facetted shape in 3D aggregates. Such
facets and the corresponding edges place high demands on the mem-
brane bilayer physics. Following a classiﬁcation of lamellar phases, the
formed bilayer would probably not be continuous (type 1) but be of
type 2, i.e. needing defects in order to react to the imposed curvature con-
straints [18]. If it would be possible to control type 2 bilayer membranes,
new phospholipid soft matter geometries, vesicle origami, could become
feasible. The attenuation of membrane defects is hypothesized to be the
origin of shear-sensitive liposomes [15].
A clear difference between bilayer and monolayer stabilizations
was found with the main phase transition temperature of the bilayer
being signiﬁcantly higher than the extrapolated critical temperature
(the temperature above which the monolayer cannot be compressed
into the condensed state) of themonolayer [16]. A plausible explanation
for this effect could be phospholipid chain interdigitation that was
possible by spacing the lipid tails in a 1,3- instead of a 1,2-fashion.
This was raising the more general question about the requirements
for bilayer membrane interdigitation that will be answered in the
following paragraphs.
2.3. Interdigitation
1,2-Diacyl-P-O-ethylphosphatidylcholines are a novel class of
cationic lipids, which are synthesized by esteriﬁcation of phos-
phatidylcholines with ethyl-triﬂuoromethylsulfonates [19]. Some
derivatives have already shown promising properties as liposomal
DNA transfection agents. It was found that these derivatives form
a chain interdigitated gel phase. Only few phosphatidylcholine
lipids form spontaneously interdigitated lamellar gel phases, e.g.,
1,2-dihexadecylphosphatidylcholine (DHPC) [20], the ether analog
of 1,2-dipalmitoylphosphatidylcholine (DPPC), 1-palmitoyl-2-(16-
ﬂuoropalmitoyl)-phosphatidylcholine [21], a ﬂuorinated analog of
DPPC, and 1,3-DPPC [22].
In this interdigitated gel phase, the hydrocarbon chain packing is
rather compact, whereas the head groups are more loosely packed
than in non-interdigitated gel phases. The presence of the additional
ethyl group at the phosphate moiety increases the volume of the polar
head group. Therefore, interdigitation of the chains leads to a larger sep-
aration of the head groups and releases the stress arising from steric
crowding and electrostatic repulsion of the positively charged head
groups. The main transition leads to a non-interdigitated Lα phase
seen by a sharp increase in d spacing. This increase is however mostly
due to an increase of the water layer thickness between the bilayers
since the decrease in the hydrocarbon layer thickness due to melting
of the chains compensates the increase by de-interdigitation.
Small changes in the chemical constitution of the backbone region
can lead to conformational changes [23]. The exchange of a DPPC diester
with C16:0et–C16:0et-PC, a diether analog, induces chain interdigita-
tion, and increases the polarity of the head group. Changing the glycerol
backbone to an ether substitution pattern also changes the backbone
away from its orientation perpendicular to the membrane horizon.
This induces an increased intermolecular spacing. Less sterical crowding
in the head group leads to more water incorporated in the hydrophilic
region. This, together with fully extended hydrocarbon chains, leads to
an increase in Tm.
In general, for phospholipids with an CH2 difference N4 between the
two chains an interdigitation is found. For phospholipids with a large
difference between tails (SDPC [C18:0 and C10:0] or SLPC [C18:0 and
C12:0]) this leads to a mixed interdigitation [24] in the gel phases
at T b Tm: in a bilayer, the two shorter chains touch end-to-end.
The longer tails fully reach into the opposite bilayer half. This leads
to tight tetragonal or orthorhombic crystal packing where the
individual lattice points are not exchangeable. A different type of
interdigitation is found for SMPC [C18:0 and C14:0] where the longer
chains do not reach into the opposite bilayer half but form a ﬂuid-
intermediate state in the hydrophobic core of the membrane
(see Fig. 5).
This ﬂuid intermediate had been proposed by Stümpel, Nicksch and
Eibl [25]. They also saw that changes in tail-length at sn-2 position have
more important effects on Tm than changes in sn-1. The longer chains at
sn-1 end up in the ﬂuid region of the membrane and therefore do not
contribute anymore to the ΔH change.
Fatty acyl chain interdigitation can be introduced by spacing the
head groups apart a bit further, e.g., by going from a negatively charged
phosphate diester to a neutral phosphate triester [26]. In the case
of diC14-amidine one extra CH2 atom in the backbone is thought to
space the tails apart a bit more than natural, leading to an ease of
chain interdigitation [27].
2.4. Inﬂuence of the head group
The bulky and strongly hydrated head group determines the
molecular area in phosphatidylcholine monolayers and bilayers.
For example, a DPPC 1 monolayer at the air/water interface forms a
rectangular in-plane lattice with strongly tilted acyl chains (~30° at
a lateral pressure of 30 mN/m). The corresponding gel phase in
multilamellar dispersions is a lamellar Lβ′ phase with tilted chains.
The chain tilt is the same in monolayers and bilayers at a comparable
lateral pressure (~30 mN/m). The reason for the chain tilt is the area
mismatch between the head group and two ordered acyl chains. To
increase their van derWaals interactions the chains have to be tilted.
The reduction of the effective head group area leads to a decrease of
0 10 20 30 40 50
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Fig. 4. 1/cos(t) versus temperature. The tilt angle t of the aliphatic chains of 1,3-diamido
C18 phospholipid (▲) and DSPC (●) monolayers at 20 °C determined by GIXD
experiments. The linear extrapolation towards zero tilt angle (1/cos(t) = 1) yields
the pressure of the tilting transition. The non-tilted phase can be expected only at
unattainable high pressure values.
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the tilt angle. This can be obtained by changing the hydration shell
around the head group or by changing the head group conformation.
In the case of phosphatidylcholines, the head groups are oriented
nearly parallel to the water surface [28]. The orientation change to
a more vertical arrangement leads to the reduction of the area re-
quirementmismatch. Such a behavior was found, e.g., for the binding
of an enzyme (phospholipase A2) to a S-DPPC monolayer. The pro-
tein binding enforces a dehydration and reorientation of the PC
head group [29,30]. This process is highly cooperative. Another
possibility to reduce the tilt angle is the insertion of alkanes into
the hydrophobic part of themonolayer [31]. In this case, the effective
head group area remains unchanged, but the alkanes can be incorpo-
rated into the ordered lipid arrays leading to increased van derWaals
interaction between non-tilted chains.
A third possibility is a partial dehydration of the head group as
observed for a subphase containing alcohol [32]. However, results
obtained with monolayers and foam ﬁlms are in contrast to those
obtained with lipid multilayers. GIXD experiments have shown that
the effective area per head group decreases with an increase in ethanol
concentration leading to a reduction of the chain tilt angle. The inﬂu-
ence of ethanol on self-assembled aggregates of phospholipidmolecules
has been reported in [33–39]. In these investigations, lipid bilayers dis-
persed as unilamellar or multilamellar vesicles in an aqueous solution
have been used. It was found that the addition of ethanol ﬁrst increases
the tilt angle of the chains. Ethanol molecules bound to a phospholipid
head group start to increase the area per lipidmolecule in the interfacial
region from 0.48 nm2 in pure water to 0.67 nm2 in 0.4M ethanol due to
a substitution of water molecules from the hydration shell of the head
group by ethanol. The hydrocarbon tilt is enlarged by up to 23° (from
30° to 53°) to allow the chains to maintain a constant packing density
in the hydrocarbon layer. At larger ethanol concentrations, the strongly
tilted phase becomes unstable and transforms into a phase with
interdigitated acyl chains. In the case of 1,2-DPPC 1, the interdigitated
phase appears at 50 mg ethanol per ml solution.
2.5. Inﬂuence of fatty chain modiﬁcations
One way to keep the membrane ﬂuid enough is the incorporation
of phospholipids with shorter fatty acid chains exhibiting a lower tran-
sition temperature from the gel to the liquid–crystalline state. However,
nature itself more often uses unsaturated fatty acids, for instance oleic
and linoleic acids and also fatty acids with additional double bonds
[40]. The unsaturated fatty acids aremainly attached at the sn-2 position
of the glycerol backbone of glycerophospholipids. The reason for the
lowermain transition temperature is the disordering effect on the pack-
ing properties induced by the double bond [41,42]. Another effect of
double bonds in phospholipids, also as protection against oxidative
stress, is to react with oxygen resulting in a degradation of the fatty
acid and therefore of the phospholipid. Unsaturated fatty acids mainly
bound to the sn-2 position of glycerolipids can be easily deacylated
by phospholipase A2 [43]. Higher unsaturated fatty acids, for instance
arachidonic acid, can be hydrolyzed in this way followed by
metabolization in two directions producing prostanoids and eicosa-
noids [44]. Membranes adjust their composition according to the
environmental conditions. For example, bacteria alter their membrane
Fig. 5. Different interdigitation models: A) match of acyl chain lengths, B) complete interdigitation, and C) introduction of a ﬂuid-like layer in the hydrophobic core of the bilayer.
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lipid composition, and therefore the membrane ﬂuidity, in response to
changes in growth temperature [45].
It is interesting to note that the lipid systems become more
disordered by decreasing the chain lengths. The area per chain
observed at the same temperature is larger for lipids with shorter
chains. This could be the expression of an incremental steric hin-
drance which ﬁnally leads to vesicles with completely uncorrelated
bilayers. E.g., dioctanoylphosphatidylcholine (C8:0) forms micelles,
dinonaoylphosphatidylcholine (C9:0) unilamellar vesicles, and the
diacylphosphatidylcholines with chain lengths N10 form multilamellar
vesicles [46].
Another mechanism to ensure membrane ﬂuidity was found in the
lipids of eubacteria and archaebacteria. From the lipids of eubacteria
branched fatty acids were isolated, especially iso- and anteiso-methyl
branched stearic and palmitic acids. The occurrence of branched fatty
acids in general was published in an early summary [47,48]. At that
moment the function of these compounds in the membrane was
rather speculative.
The inﬂuence of iso-and anteiso methyl branching on the physical–
chemical properties was ﬁrst investigated by the McElhany group
using 1,2-diacyl-sn-glycerophosphocholines (1,2-di-Cn:0-PC, with n as
the number of carbon atoms in one chain) [49,50]. The lipids showed
continuous decrease of the Tm-values starting from unbranched via
iso-branched to the anteiso-branched 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine. We have synthesized a series of 1,2-diacyl-sn-glycero-
3-phosphocholines with racemic methyl branched fatty acids in
which the methyl group is moving along the main chain (see 3,
Fig. 2) [51,52]. Beside the common occurrence of iso- and anteiso-
methyl branched fatty acids, the compounds with methyl groups in
other positions are rarely found in nature. The position of the methyl
branching has a dramatic effect on the Tm. Already a methyl group in
the 2-position of the main fatty acid chain leads to a decrease of Tm
connected with a smaller transition enthalpy compared to lipids
with unbranched chains. Moving this methyl branch step by step
to the end of the main chain leads to a deep minimum in the phase
transition temperature. Phospholipids with two 7- or 8-methyl-
hexadecanoic acid residues show even no phase transition in the
experimentally accessible range. One could imagine that the methyl-
branched PCs behave like the unbranched ones but with shorter
main chains. A direct comparison between branched and unbranched
1,2-diacylglycero-3-phosphocholines indicates that this scenario is
qualitatively correct, however the main phase transition temperatures
are not exactly the ones of the corresponding PCs with shorter chains
but higher (see Fig. 6). Therefore, the packing of such methyl-branched
PCs has to be optimized in another way. SAXS experiments show the
appearance of an interdigitated gel phasewith the introduction ofmethyl
branches in 2-position.
Another example for the action of methyl branches in a fatty acid
chain are ceramides. The general structure of these essential natural
products consists on the one hand of a sphingosin (minor amounts of
sphinganin were found), phytosphingosine and 6-hydroxysphingosine
and on the other hand of fatty acids bound via amide bond to the
nitrogen atom of the sphingobases (for a summary see [53]). The most
outstanding structures are the ceramides EOS (4) and EOP. There is
still a controversial discussion about the role of these ceramides. The
synthesis is not easy regarding the blocking group strategy. However,
the synthesis was described by Mori and coworkers [54]. To ﬁnd a
more stable derivative of ceramide EOS the sensitive and oxidable
linoleic acid was replaced by the racemic 10-methyl palmitic acid (5).
The simpliﬁcation of the synthetic procedure consists in the fact that
triacontan-1,30-diol could be acylated with 10-methyl-palmitic acid
chloride to yield the monoester [55]. This compound was oxidized to
the corresponding ω-ester of triacontanoic acid which was bound to
the amino group of sphingosine. The EOS derivative demonstrates
that the exchange of linoleic acid for the branched fatty acid leads
to nearly the same phase transition temperature (85 °C versus 79 °C,
respectively). Whereas the Tm of natural EOS tends to shift to slightly
higher Tm values during consecutive heating cycles, the phase transition
temperature of the branched chain EOS derivate is constant. In summa-
ry, the branching in the EOSmolecule has a similar effect on the packing
properties as discussed above. Only one chain segment contributes to
the packing and therefore to the main phase transition temperature.
Depending on the position of the methyl branch this can be the part
between the branched C-atom and the chain end if the gel phase is an
interdigitated one, or the part between the carboxylic group and the
branching if the position of the methyl group is too close to the
chain end. In the latter case, an interdigitation does not sufﬁciently
improve the attractive interactions between the chains. An additional
advantage of the branched EOS derivative is its stability not only during
the synthesis.
2.5.1. The inﬂuence of methyl-branched chains in bolaamphiphiles
Archaebacteria occupy ecological niches like saline lakes, strict
anaerobic conditions or in hot geysers and acidic milieu [56,57]. In this
case, the hydrophobic residues are connected to the glycerol moiety
via ether bonds. In addition, the ether bonds are formed in the
inverse 2,3-sn-conﬁguration (6) and the hydrophobic chains contain
methyl branches in the so called isoprene rhythm and in some forms
also cyclopentyl rings. Whereas the ether bonds and the inverse
stereochemistry are necessary for the stability against enzymes and
hydrolytic conditions, the methyl branches and cyclopentyl rings
are responsible for membrane ﬂexibility [58–60].
Archaebacterial lipids, especially those with membrane spanning
hydrophobic chains found in the methanogenes and thermoacidiphiles
are of great interest in biotechnology, material sciences and pharmacy.
Due to the bipolar character of these lipids they are able to form
monolayer membranes also called archeosomes. However, the isolation
of well-deﬁned lipids from natural sources is very difﬁcult. Therefore
chemical synthesis is the method of choice. But total synthesis of
archaebacterial lipids is not an easy task. So chemists have veriﬁed the
complex structure. A lot of preparative work was done over the last
years to create new and simpler structures for the general characteriza-
tion of the unusual aggregation behavior of these bolaamphiphiles and
also for the preparation of stable liposomes. A good summary over the
last trends in this ﬁeld was given in by Meister and Blume [61].
In this context the question arose in our group whether methyl
branches in the isoprene rhythm, as used by nature in the biosynthesis
of terpenes [60], are needed to model the hydrophobic chain of
archaebacterial lipids.
Based on the results obtained with 1,2-diacyl-PCs [51,52], showing
the inﬂuence of the position of the methyl branches in the main chains
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Fig. 6. Main phase transition temperatures Tm of 1,2-di-Cn:0-PC (●)and methyl
branched PCs 1,2-di-(xC1-Cn:0)-PC with x as the position of the methyl C1 branches
(■ — x = 2, ▲ — x = 3, ► — x = 4, ▼ — x = 5, — x = 6) versus the chain length n.
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on the main phase transition temperature, the idea developed that a
substitution in the most disturbing 10,10′-positions in a membrane
spanning chain and/or in the 10-position in the C16-chain of our
tetraether model lipids (structures 9–11, Fig. 2) can mimic the natural
bipolar lipids [62]. Already the introduction of only one methyl group
in 10-position of the two C16 chains lowers the phase transition from
61 °C for an unbranched model compound to 17 °C. When the two
methyl groups are in the 10 and 10′-position of themembrane spanning
chain, a Tm-value of 9 °C was found.
With 4 methyl groups (11) no phase transition was found above
0 °C. This is in accordance with the Tm values found for natural
archaebacterial lipids [63]. The new model compounds form closed
lipid vesicles as a freeze fracture replica electron microscopy study
has shown.
3. Conclusions
Synthetic analogs of natural lipids are valuable tools to assess
biophysical properties of monolayer and bilayer membranes. For
decades, the interdisciplinary ﬁeld has united chemists and physicists
and generated knowledge that is of high importance for biology and
medicine alike. Using synthetic lipids modiﬁed in the different parts of
the molecule in a deﬁned way, much information was obtained about
the interplay of different forces determining the structures formed
in aqueous dispersions of such lipids. The competing forces could
be tuned to understand their importance for interactions with other
biomolecules. Not only the different sizes of the hydrophilic and hydro-
phobic parts of the molecules led to different superstructures but also
the ability to form additional strong intermolecular interactions, e.g., a
hydrogen bonding network between head groups.
Based on chemical modiﬁcations found in nature, the synthesis of
new lipids led to new materials with interesting properties. The exten-
sion of the described principles to other amphiphilic compounds seems
to be very promising.
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